In this paper, a new application of discrete wavelet transform to analyze the wide-band electromagnetic waves from partial discharge (PD) is introduced.
I. INTRODUCTION
R ECENTLY , there is a great increase in topics concerning electromagnetic (EM) environment influenced by HV equipment. The EM waves emitted from HV equipment may harm the human health and interfere the wireless communication systems as noises [1] , [2] . One of the main sources of EM noises is the partial discharge (P D), which occurs when there are abnormal electric field stress conditions within insulation system. Therefore the detection, location and classification of PD are very important to enhance the reliability of power system and the electromagnetic environment [3] , [4] .
The EM radiation from PD normally exhibits the feature of transient wide-band signals in few hundred nanoseconds, with various intensities. In order to detect PD, we utilize the VHF wide-band antenna to measure the electromagnetic signals from PD. The EM rsdiation from PD is generated by particles falling to lower energy states and shows the different feature depending on the kind and mechanism of PD source [5] . Unlike the narrow-band detection, the wide-band detection has an advantage to record nearly the true shape of an EM wave, which is useful information to classify PD.
Due to the local electromagnetic environment or the background noises, the shape of EM wave is distorted on their way from PD source to the measurement device. This makes the analysis of PD signal wrong if the emitted EM wave is not strong enough. The method to extract the true shape of PD signals requires an appropriate signalprocessing technique to be developed.
In this paper, we employ a discrete wavelet transform to analyze the wide-band signals. The discrete wavelet transform has a special feature to perform the signal decomposition and reconstruction by multi-resolution analysis. Using this method, we can decompose the detected signal into various frequency sub-band signals, and then estimate the true shape of PD signal by mixing the appropriatelyselected decomposed signals. Furthermore, the original and reconstructed signals are compared and analyzed by fast Fourier transform and continuous wavelet transform. It is shown that the proposed method is advantageous to obtain the true shape of PD signal, whose characteristics can be used for the purpose of PD classification. Experimental results obtained by applying high voltage on faulty insulators are used to show the effectiveness of the proposed method.
II. EXPERIMENT
The partial discharge from faulty insulators on distribution lines is concentrated. The inferior contact of two strain insulators as shown in Fig. 1 is used as a PD source in the experiment. The inferior contact was constructed by wrapping the insulated tape around a cotter pin (the pin used to combine two strain insulators together). The reason why we selected this kind of PD is that the EM noise sources from this P D are more than 80 ['Yo]of all sources [2] . In Japan, the 6.6 kV power distribution systems are mostly adopted. For this system, the phase voltage is 3.81 kV so we applied 60 Hz ac high voltage 4 kV upon a PD source. Figure 2 shows an experimental configuration. The experiment was done on the outdoor roof of a building where is plain and free of obstacles. The PD source was posi- EM waves were digitized at a sampling rate 500 MHz by using a DSO controlled by a personal computer (PC) through GPIB board, with the resolution 8 bits. Each waveform, whose length of 1000 samples or 2 ps, is detected by adjusting the appropriate triggering level, with a trigger delay 30 [%].
III. ANALYSIS OF WIDE-BAND EM WAVES
In this paper, three kinds of signal-processing techniques, which are fast Fourier transform, continuous wavelet transform and discrete wavelet transform, are utilized. The brief explanations of them are given as follows.
A. Fast Fourier transform
For many years, the fast Fourier transform (FFT) is the most popular algorithm to make a Fourier transform of a signal. FFT has a special feature for extracting the average spectral intensities of an entire signal fast and efficiently. However, the weak point of FFT is that the FFT provides the result expressed in only the frequency domain where the information of time domain would be lost.
B. Continuous wavelet transform
To overcome the limitation of Fourier transform, wavelet transform has been applied to perform time-frequency analysis in numerous problems [6], [7] . A continuous wavelet transform (CWT), one of the main algorithms of wavelet transform, is generally used to obtain the time-varying information of signal in detail, The CWT is the measurement of the similarity between a signal and a set of fast-decaying oscillating functions named wavelets. Each wavelet is constructed by compressing or dilating an original function called mother wavelet.
The CWT of signal x(t) with mother wavelet O(t) is expressed as
where f and b is the frequency and time parameters, respectively, and (*) denotes a complex conjugate, An energy normalization factor @ is multiplied to keep the energy of the compressed wavelets unchanged from the original one. In this paper, one of the family of complex Gabor functions, which are mainly developed from Gaussian function, as shown in (2) is selected to be a mother wavelet.
The CWT can provide the spectral intensities of any points on time-frequency space. Therefore, we can compare the result with FFT analysis. However, the disadvantages are the redundancy of the result and the time consuming due to the computation on the entire time-frequency space.
C. Discrete wavelet transform
Although the CWT can be used to represent the timefrequency analysis of a signal, its result is highly redundant especially in case the reconstruction of signal is concerned. This redundancy requires a great amount of processing time and memory. Unlike the CWT, the discrete wavelet transform (DWT) can reduce the computation time and storage memory, and still provide sufficient information for time-frequency analysis [8] .
The DWT of a discrete signal x[n] obtained by sampling frequency fs can be performed by first passing it through a half-band high-pass filter g[n] and a low-pass filter h [n] . Note that the total number of samples (N) should be the power of 2 (N=2i, where i is an integer). After filtering, the every other sample (half of them) can be discarded according to Nyquist's rule, since the signal now has a maximum frequency offs/4 instead offs/2. This process constitutes one level of decomposition and can mathematically be expressed as
where yhi~~~] and ylOW~] are the outputs of the high-pass and low-pass filters, respectively, after sub-sampling by 2. Note that two filters, g [n] and h [n] , are categorized in a sort of the Quadrature Mirrors Filters (QMF) [8] , and are related to each other by
where, L is the filter length in number of points. In this paper, we choose the coefficients of , to construct the low-pass and high-pass filters for signal analysis.
IV. RESULTS AND DISCUSSIONS

A. FFT and CWT Analyses
Firstly, the EM environment (background noises) at experimental site is considered. Figure 4 (a) shows the background noises and their FFT and CWT analyses. Note that, in order to standardly compare the results, the normalized values of spectral intensities are used to express the FFT and CWT analyses. The frequency peaks in the Fourier spectrum are thought to be the signals from radio and television broadcasting.
In Japan, the frequency range 76. 1w89.9 MHz is accordant with FM radio signals. The peaks in the frequency range 9ON1O8 MHz are supposed to be the signals from TV broadcasting of channels 1w3. The peaks in 170-222 MHz are expected to be the signals from TV channels 4-12 [2]. Moreover, from the same Fig., the wavelet spectrum exhibits the continuous occurrence of these broadcasting frequencies. These results confirm that the wide-band VHF signals were correctly measured by the antenna used in this experiment.
Secondly, the EM waves emitted from faulty insulators (faulty contact) are analyzed. The characteristics of both waveforms, roughly seen by eyes, are normally the same but the amplitudes are different. The amplitude of the former (Fig. 4 (b) ) is little stronger than that of background noises, so its normalized spectral results, without any pre-processing procedures, are significantly influenced by noises. On the contrary, the amplitude of the latter (Fig. 4 (c) ) is much higher than the level of background noises, so its normalized spectral results are mostly not influenced by noises. From these results, the FFT and CWT analyses in Figs. 4 (b) and (c) are different to each other even the PD sources are the same. (Notice that the Fig. 4 (d) will be explained in a next section.) It is discussed that the classification of PD sources by considering the spectral characteristics of emitted EM waves, which was presented in [5], might not be efficient method if the amplitudes of signals are not high enough. The efficient method to extract the true shape of EM waveform from noises is required to be developed.
B. D WT Analysis
Because the number of samples in each waveform equals 1000, which is not the power of 2, two 12-number arrays whose all values equal O were added at both the head and bottom of a waveform array. Therefore, we can get the 1024 samples of each waveform for DWT analysis. Considering the analysis of background noises ( Fig. 5  (a) ), the amplitude of signal in level-2 (f= 62.5z125 MHz) is highest, that is accordant to the FFT result. Moreover, because these noises are from the broadcasting signals, the sub-band signals of all levels are almost stationary, which is accordant to the CWT result.
In case of EM wave from faulty insulators (Fig. 5 (b) ), there are the remarkable peaks occurring in all levels except level-5, during the time when the pulse occurs in the original signal (around 500-700 ns). It can be postulated that the EM wave from PD is a wide-band signal whose frequency range covers most levels' frequency bands. The DWT has a special feature that can reconstruct a signal using the sub-band signals from its analysis. The noise reduction can be easily done by discarding the frequency bands where noises are included. Unfortunately, as can be seen from Fig. 5 (b) , the background noises have main components in the level-2, where the PD signal also exists. The elimination of entire signal of this level makes the reconstructed signal lose its significant characteristics.
In order to obtain the reconstructed signal whose shape is nearly the true shape of PD signal, the threshold processing of sub-band signals is applied. The threshold value of each level is set at the maximum absolute value of sub-band be changed to O, else, it will be unchanged. After this process has been applied, the high values of sub-band signals, which normally contain the information of PD signal, will be maintained. On the other hand, the low values, which are mainly accordant to the noises, will be eliminated. Fig. 5 (c) . It is clearly seen that the EM pulse in reconstructed signal is nearly the same as the original one. The error signal also resembles the background noises in Fig. 4 (a) .
To investigate the spectral contents in the reconstructed signal, we again applied the FF'T and CWT analysesand its results are shown in Fig. 4 (d) . Comparing with the results in Fig. 4 (b) , the FFT and CWT results are different and their characteristics become to resemble those in Fig.  4 (c) , which are little influenced by noises.
V. CONCLUSIONS
A new application of discrete wavelet transform for analyzing wide-band electromagnetic signals from partial discharge (PD) has been introduced. The discrete wavelet transform decomposes a signal into various sub-band levels, which provides us roughly the characteristics of spectra in their frequency bands without redundancy. Moreover, The reconstruction of a signal by using discrete wavelet transform result can extract almost the true shape of PD signal even in noisy condition. To evaluate the proposed method, the spectral analysis by fast Fourier transform and continuous W~Yelet tr2UISfOrIII [fj] has been applied to both the original PD signal and its
